. The defining aspect of the 100,000-yr (100-kyr) problem is (1) the lack of significant external forcing at that frequency 2 . Other aspects of the 100-kyr problem are 2 (2) the lack of 400-kyr power in late Pleistocene ice volume despite its presence in eccentricity; (3) an amplitude mismatch between 100-kyr cycles in eccentricity and climate 13 , particularly during marine isotope stage (MIS) 11; (4) uncertainty about why 100-kyr power increased at the midPleistocene transition (MPT) approximately 0.8 Myr ago; and (5) why glacial cycles show a small (but consistent) phase relative to eccentricity 4 . Furthermore, (6) too few 100-kyr glacial cycles occur in the late Pleistocene to distinguish between many possible causal mechanisms 5, 14, 15 . Glacial cycles are commonly characterized using the δ 18 O of foraminiferal calcite [1] [2] [3] [4] [5] [6] , which measures global ice volume and ocean temperature. Previous studies have observed that the 100-kyr phase of late Pleistocene δ 18 O is qualitatively consistent with eccentricity 1, 3, 4 , but a statistical test found that the phases of glacial terminations and eccentricity are not correlated at the 5% significance level from 0.7 to 0 Myr ago 5 or 1 to 0 Myr ago 6 . As termination phases were found to correlate with obliquity forcing, these studies proposed that ∼100-kyr cycles result from quantized bundles of 41-kyr obliquity cycles 5, 6 . Here I present a modified version of that statistical test 5, 6 applied to a different δ 18 O record, the LR04 benthic stack 16 . To
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compare the phases of the climate response and eccentricty, the stack is assigned a new, untuned age model that is independent of orbital forcing assumptions and assumes, instead, that the globally averaged sedimentation rate is constant [4] [5] [6] (see Supplementary Information). As the LR04 stack averages data from 25 to 47 sites since 1.2 Myr ago, it constrains both the magnitude and age of δ 18 O responses better than previous studies using 8-12 sites [4] [5] [6] . I analyse the stack's 100-kyr phase beginning at 1.2 Myr ago for three reasons: the stack's 100-kyr power rapidly increases at 1.2 Myr ago (Fig. 1) ; including more 100-kyr cycles improves the ability of the statistical test to evaluate the eccentricity pacing hypothesis; and the MPT may have begun as early as 1.2 Myr ago 7, 17 . Previous studies [4] [5] [6] analysed the phase of 100-kyr cycles using the estimated ages of terminations because large, abrupt terminations are easily identified. However, it is not always clear which δ 18 O changes should be considered terminations 5 , and terminations are less indicative of 100-kyr phase before ∼0.8 Myr ago when δ 18 O responses are dominated by 41-kyr power. To address the question of whether eccentricity paces 100-kyr climate variability rather than whether it paces abrupt warming events, this study uses cross-wavelet analysis of benthic δ 18 O and eccentricity to characterize the phase of ∼100-kyr cycles (see the Methods section and Supplementary Information).
The 100-kyr phase of the untuned LR04 benthic stack relative to eccentricity varies between −36
• (−10 kyr) and +35
• (+10 kyr) from 1.2 to 0 Myr ago (Fig. 2) . The Rayleigh statistic R (see the Methods section) is used to estimate the phase stability between δ 18 O and eccentricity by sampling the cross-wavelet phase every 100 kyr from 1.2 to 0 Myr ago (Fig. 2b) , yielding an R value of 0.94. For comparison, the critical R value to reject the null hypothesis at the 5% significance level is estimated to be 0.80 using 10,000 iterations of a random walk with 100-kyr 'saw-tooth' cycles (see the Methods section and Supplementary Information). Thus, the 100-kyr climate response is demonstrated to be phase locked to eccentricity since at least 1.2 Myr ago. This finding does not necessarily conflict with the finding that obliquity paces terminations 5, 6 . The primary reason why a statistically significant correlation with eccentricity is found in this study and not others 5, 6 is the use of wavelets instead of instantaneous termination phases to characterize the 100-kyr phase (see Supplementary Information) . Thus, obliquity and precession may influence the exact timing of terminations 13, 18 , whereas eccentricity may pace ice-sheet growth 4, 11, 19 (discussed below). The interactions of all three orbital cycles may cause termination phases to vary by as much as 90
• (ref. 10). Phase-locking mechanisms do not necessarily produce a correlation between the power of forcing and response because internal oscillations may synchronize with weak external forcing at a similar frequency [8] [9] [10] . However, a comparison of the 100-kyr power in δ 18 O and eccentricity yields new and informative results. shows that 100-kyr power in δ 18 O exceeds the 5% significance level not only in the late Pleistocene but also at 2.1 Myr ago and 2.8-2.5 Myr ago and that these are all times of anomalously weak 100-kyr power in eccentricity. The exponential increase in the 100-kyr power of δ 18 O and its anticorrelation with eccentricity power can also be described using a speculative conceptual model,
where P δ 18 O and P ecc are power in the 100-kyr band (see the Methods section) of δ 18 O and eccentricity, respectively, P ecc is normalized to zero mean and unit variance, t is time since 5.3 Myr ago, α and β are parameters selected to optimize the model's fit (see Supplementary Information), C is a scaling factor and is an error term. For α = 1.1 and β = 0.69, the model explains 93% of variance in the 100-kyr power of δ 18 O from 5 to 0 Myr ago and 89% of its increase since 1.3 Myr ago (Fig. 3a) . However, if the anticorrelation with P ecc is not included in the model (β = 0), the best-fit model (α = 0.9, Fig. 3a ) explains only 33% of the increase in 100-kyr response since 1.3 Myr ago (see Supplementary Information).
Although not conclusive, the good fit produced by this simple model for the entire Plio-Pleistocene suggests that the same climate dynamics may govern 100-kyr glacial cycles at least since the onset of Northern Hemisphere glaciation 2.75 Myr ago. Moreover, it suggests that the abrupt increase in 100-kyr power at the MPT may have resulted from the combined effects of a long-term exponential increase in 100-kyr power (analogous to the increase in total variance) and a decrease in the 100-kyr power of eccentricity at ∼0.8 Myr ago. However, the correlation may not necessarily indicate a causal link; a mechanistic model has yet to be identified.
On the basis of these observations, I propose that eccentricity has two important roles in the 100-kyr response of Plio-Pleistocene δ 18 O: pacing since at least 1.2 Myr ago and 'inverse' amplitude modulation (that is, anticorrelation of the 100-kyr power of eccentricity and δ 18 O). Inverse amplitude modulation suggests that eccentricity is unlikely to force 100-kyr glacial cycles directly or through a nonlinear precession response 3 . Thus, the 100-kyr response is more likely to originate from internal feedbacks of the climate system 12 that are phase locked [8] [9] [10] to eccentricity 4 . Furthermore, I propose that inverse amplitude modulation occurs because the internal climate feedbacks responsible for PlioPleistocene 100-kyr cycles are inhibited by strong precession forcing. The ability of strong precession forcing to disrupt the formation of 100-kyr cycles is also supported by the fact that the strongest 100-kyr cycle (MIS 11) occurs during weak precession forcing 2 and the relatively weak MIS 7 cycle occurs during strong precession forcing 13 ( Supplementary Fig. S4 ). Previous studies proposed that one weak precession cycle is necessary to provide enough time to grow large, unstable ice sheets that collapse the next time insolation increases above a certain threshold 4, 11, 13, 19 . However, ice volume is probably sensitive to the cumulative effects of precession forcing over an entire eccentricity cycle 13, 19 . Strong 100-kyr eccentricity cycles produce strong precession forcing over more than half of the cycle; therefore, these cycles have only 30-40 kyr of weak precession forcing ( Supplementary Fig. S4 ) during which slow feedbacks can drive ice-sheet growth. In contrast, when the 100-kyr power of eccentricity is weak, precession forcing is weak or moderate over the entire 100-kyr cycle, and slow feedbacks have more time to generate large 100-kyr responses. It is beyond the scope of this study to determine which component of the climate system produces the 100-kyr response, but it is likely to be one with a long time constant, such as the carbon cycle or ice sheets.
The hypothesis that 100-kyr glacial cycles result from an internally driven climate oscillation phase locked to eccentricity but inhibited by strong precession forcing has the potential to resolve all six aspects of the 100-kyr problem from a mathematical perspective (as described below). However, it remains uncertain which physical mechanisms produce the slow feedbacks and sensitivity to eccentricity-driven precession modulation. (1) The lack of substantial 100-kyr external forcing is not a problem if the 100-kyr response is driven primarily by internal feedbacks [8] [9] [10] 12 . Terminations are triggered by precession and obliquity after large ice sheets develop [4] [5] [6] 10, 11, 13, 18, 19 , as paced by eccentricity (precession amplitude). (2) A climate response phase locked to eccentricity can produce ∼100-kyr cycles without generating a response to the 400-kyr eccentricity cycle 10, 11 . (3) The 100-kyr power mismatch at MIS 11 is part of the overall anticorrelation between eccentricity and δ 18 O over the past 5 Myr, which I propose occurs because strong precession forcing disrupts the internal climate feedbacks that drive 100-kyr cycles. (4) Statistically, the MPT may result from the combined effects of an exponential trend in 100-kyr power over the past 5 Myr and a decrease in the 100-kyr power of eccentricity (and hence mean precession forcing) at ∼0.8 Myr ago. However, a causal link remains to be proven. (5) Phase-locking mechanisms can produce small phase lags 10 , consistent with the estimated mean lag of 7.7
• (2.1 kyr) between δ 18 O and eccentricity since 1.2 Myr ago. (6) The occurrence of 100-kyr glacial cycles before 0.8 Myr ago 7,17 is supported by statistically significant 100-kyr power and by a stable phase relative to eccentricity from 1.2 to 0 Myr ago. Analysing the evolution of 100-kyr responses before 0.8 Myr ago may be critical for distinguishing between different causal mechanisms 6 .
An important unanswered question is how precession modulation could suppress 100-kyr glacial cycles during the early Pleistocene '41-kyr world' when the 23-kyr power of δ 18 O is negligible. One hypothesis is that Northern Hemisphere ice volume responded to precession but that the response is largely masked in the global δ 18 O signal because of an antiphased precession response in Antarctic ice volume 22 . Alternatively, the 100-kyr cycle may originate from processes in the tropics 7, 23 or carbon cycle 12, 14, 24, 25 that are not recorded by early Pleistocene benthic δ 18 O. The link between eccentricity and 100-kyr glacial cycles could be further tested with new climate records that better constrain precession and carbon-cycle responses during the 41-kyr world and by improving the age model and signal-to-noise ratio of benthic δ 18 O.
Methods
All analyses and conclusions in this manuscript apply specifically to benthic δ 18 O. There may be differences in the phase and amplitude of δ 18 O versus ice volume, but the magnitude of these differences cannot be evaluated at this time.
The radiometrically dated Brunhes/Matuyama and Matuyama/Gauss magnetic reversals provide age control points for the untuned stack at 0.78 and 2.6 Myr ago 26, 27 , respectively, and the ends of the stack are fixed at 0 and 5.325 Myr ago 16 . The remaining ages for the untuned age model are estimated by assuming a constant sedimentation rate (after compaction correction) between these four control points for each of the 57 benthic δ 18 O records in the stack. Untuned ages are calculated for tie points spaced every 26 kyr. The Supplementary Information provides more details about this procedure and estimates of age-model uncertainty. Before spectral analysis, the untuned stack is linearly interpolated to an even 1-kyr time step (Supplementary Information).
The 100-kyr phase lag between δ 18 O and eccentricity is calculated by cross-wavelet analysis using MATLAB codes written by Torrence, Compo and Grinsted 28 . Rayleigh's R (ref. 29 ) is defined as
where φ n is the phase lag of the nth 100-kyr window relative to eccentricity and the line brackets indicate the magnitude. R has a maximum value of 1.0 when all cycles have the same phase lag. This calculation is identical to that used previously 5, 6 , except that I anlayse 1.2 to 0 Myr ago and use cross-wavelet phase lags sampled every 100-kyr instead of the instantaneous phase of each termination. The significance of eccentricity pacing is also tested with the same Monte Carlo model used in refs 5 and 6. Ice volume is simulated as a random walk with an average 1-kyr step size of 1 and standard deviation of 2. When ice volume exceeds 90, it is stepped back to 0 over the next 10 kyr. The model's average cycle length is 100 kyr with a standard deviation of 20 kyr. The effects of age-model uncertainty and different noise parameterizations are presented in the Supplementary Information.
Time-dependent 100-kyr power, for example, in equation (1) and Fig. 3 , is estimated by the squared fast Fourier transform of a moving 600-kyr boxcar filter using a frequency band of 0.0078-0.0110 kyr −1 . The parameter values for equation (1) are estimated by minimizing the mean square error between the logarithm of 100-kyr power in the model and data. I use the logarithm of power because the amount of 100-kyr power in δ 18 O changes by two orders of magnitude from 5 to 0 Myr ago (Fig. 3a) . Supplementary Table S2 compares results for a variety of optimization schemes.
Relating spectral estimates of time-dependent power to theoretical time-dependent spectra is statistically difficult 30 , and the use of correlation coefficients to compare non-zero frequency intervals makes the false assumption that spectral power is derived from a random process. However, similar patterns of variability are observed using either windowed fast Fourier transform or wavelet analysis (Fig. 1) , and several different spectral analysis techniques and parameterizations yield correlations of −0.69 to −0.59 for the 100-kyr power of eccentricity and δ 18 O (Supplementary Table S1 ). It is beyond the scope of this study to quantify all sources of uncertainty in estimates of 100-kyr power, their correlations and estimated model parameters; therefore, the anticorrelation between the 100-kyr power of δ 18 O and eccentricity should be considered a qualitative description intended to inspire future investigation.
